Abstract -The reactions involved in starch synthesis have been shown to be catalyzed respectively, by ADPglucose synthetase, EC 2.7.7.27, (ATP + a-glucose 1-P < ---> ADPglucose + PPJ and starch synthase, EC 2.4.1.21, (ADPGlc + a-1,4 glucan ---> a-1,4 glucosyl-a-1,4 glucan + ADP). Mutants isolated from maize endosperm as well as from Arabidomis thaliana leaf that are deficient or lacking in starch strongly indicate that the ADPGlc pathway is the major if not the sole pathway in plants for synthesis of starch. Synthesis of the a-1,6 glucosidic branch points found in amylopectin are catalyzed by branching enzyme, EC2.4.1.18. Maize endosperm mutants, amvlose extender, p, lacking one of the branching enzyme isoforms contains a higher percentage of amylose and anomalous amylopectin than the normal maize endosperm thus indicating the physiological role of the branching enzyme. It has been shown that the plant ADPGlc synthetase activity, whether isolated from either leaf or non-photosynthetic reserve tissue, is activated by 3-phosphoglycerate (3PGA) and inhibited by orthophosphate (Pi). The activator, 3PGA, at higher concentrations, can reverse or prevent inhibition by Pi. A number of studies have shown that the above biosynthetic enzymes are completely localized in the subcellular compartment where starch is formed; the chloroplasts in leaves and the amyloplasts in non-photosynthetic tissues. Recent data have also shown that the plant ADPGlc synthetase is composed of two different subunits, most probably, the products of two different genes. The subunit masses are 51 and 54 kDa for the spinach leaf and Arabidomis enzymes, 60 and 55 kDa for the maize endosperm enzyme and 50 and 51 kDa for the potato tuber enzyme. The activator binding site of the smaller subunit of the spinach leaf enzyme has been elucidated with respect to the amino acid, (e-amino group of lysyl residue) and the amino acid sequence surrounding it. It is localized near the carboxyl-terminal of the peptide. Similar sequences have been observed for subunits of the ADPGlc synthetases of at least 5 different plants, from photosynthetic or non-photosynthetic tissue as determined from amino acid sequences deduced from nucleotide sequences of cDNA clones. Using 8-azido ATP as a photoaffinity analogue, it has been shown that the larger subunit of the spinach leaf enzyme participates in the binding of the substrate. Other experiments are underway to determine the amino acid sequence of the substrate site. cDNA clones of the smaller subunit have been isolated from rice endosperm, spinach leaf and potato tuber and appear to be coding for the smaller subunit. At present a cDNA clone for the larger subunit has not been isolated put partial amino acid sequence analysis of the spinach leaf 54 kDa subunit indicates approximately a 30% identity with the 51 kDa subunit.
INTRODUCTION
The biosynthetic reactions of starch synthesis A preponderance of evidence strongly indicates that the ADPglucose (ADPGlc) pathway consisting of the enzymatic reactions catalyzed respectively by ADPGlc pyrophosphorylase (EC 2.7.7.27; reaction l), starch synthase (EC 2.4.1.21; reaction 2) and branching enzyme (EC 2.4.1.18; reaction 3) is the predominant pathway if not the sole pathway towards starch synthesis.
(1) ~-glUCOSyl-l-P + ATP < = = = = = > ADPGlc + PPi (2) ADPGlc + (gluCOSyl), -------> ADP + (gluCOSyl),,~
Linear glucosyl chain of a-glucan -----> Branched chain of glucan with a-l->6-linkage branch point
The data supporting this view are from a number of biochemical and genetic studies. Studies of isolated mutants of maize endosperm (refs. 1 & 2) having deficient levels of ADPGlc pyrophosphorylase are also deficient in starch levels. Recently, it has been shown that the rb locus controls the level of ADPglc pyrophosphorylase in developing pea embryos (ref. 3) . One pea line having recessive & genes contained 38-to 72% of the starch found in the pea line having the a loci and about 3-to 5% of the ADPGlc pyrophosphorylase activity. Indeed, a mutant of Arabidoosis thaliana (ref. 4) , containing less than 0.2% of the leaf starch content observed in the normal strain had only 0.2% of the normal leaf ADPGlc pyrophosphorylase activity. These data in three diverse species of plants strongly indicate that the ADPGlc pathway must play a major role in starch synthesis. Other data demonstrating a 536 J. PREISS eta/. direct relationship between increase in activity of the above starch biosynthetic enzymes and increased starch accumulation in various plants have been previously reviewed (refs. 5 through 7). In many of those studies no relationship was noted between starch synthesis and phosphorylase or UDPglucose pyrophosphorylase activities.
Biochemical studies have also shown that the kinetic properties of the enzymes in the ADPGlc pathway (K, and V , values) are consistent with the known concentrations of substrate and effector metabolites present in the various plant cells (refs, 5 & 6) in contrast to the known properties of the UDPglucose specific starch synthase and plant phosphorylases. For these two enzymes the high K, values for the respective substrates (UDPglucose and glucose-l-P) compared to the actual cellular levels preclude a significant if any role in starch synthesis. In view that phosphorylase catalyzes an equilibrium reaction in cells having Pi concentrations in excess of glucose-1-P it is most likely that phosphorylase plays a degradative role in starch degradation rather than synthesis.
Regulation of the ADPGlc pathway
There is much in vitrQ evidence suggesting that ADPGlc synthesis is regulated by activation of the plant ADPglc pyrophosphorylase by 3-phosphoglycerate (3PGA) and inhibition by Pi. In vivQ or evidence showing a correlation between the concentrations of 3PGA and starch and inverse correlations between Pi and starch levels were reviewed (refs. 5 & 6) . Recently, Pettersson and Pettersson (ref. 8) have applied modern control theory as developed by Kacser and Burns (refs. 9 & 10) to develop a kinetic model to determine the extent that stromal metabolites, known to affect in vitrQ leaf ADPglc pyrophosphorylase activity, controlled the rate of photosynthetic starch production under conditions of light and COz saturation. The model consists of the 13 enzyme-catalyzed steps of the reductive pentose phosphate pathway with starch synthesis and photosynthate export (T' i/triose-P translocator) from the chloroplast as output processes from the pentose phosphate pathway. Using this model, the steady state concentrations of various stromal metabolites, the corresponding rates of COz fixation and starch production were defined as a function of the Pi concentration external to the chloroplast. The model essentially agreed with reported experimental data with respect to metabolite concentrations and to C02 fixation and starch synthesis rates. It showed that ATP and glucose-1-P, substrates of the ADPGlc pyrophosphorylase, 3PGA, fructose-6-P, and Pi provided significant contributions to starch synthesis rate changes induced by increasing Pi concentrations external to the chloroplast. At low Pi concentrations, the most significant contribution to increased starch synthetic rate was ATP and to a smaller extent 3PGA. At Pi concentrations higher than 0.12 mM, 3PGA becomes the predominant regulator of starch synthesis with glucose-1-P and fructose-6-P contributing to regulation to a significant but smaller extent. Thus, using modern mathematical control analysis (refs. 9 & 10) a kinetic model consistent with in vivo data with respect to metabolite concentrations, mass action ratios observed in vivo and taking into account various enzyme properties and equilibria, they reached the conclusion that 3PGA and Pi play an important role in regulating starch sythesis with significant contributions made by ATP, glucose-1-P and fructose-6-P. Since these metabolites are either substrates or effectors of the ADPGlc pyrophosphorylase, the analysis is very consistent with the view that 3PGA is a positve effector and Pi is a negative effector of ADPGlc synthesis and that the 3PGA/Piratio therefore regulates starch synthesis by regulation of ADPGlc pyrophosphorylase.
The availability of chloroplast mutants of phosphoglucose isomerase of Clarkia xantiana (refs. 11 & 12) of phosphoglucomutase (ref. 13 ) and of ADPGlc pyrophosphorylase of Arabidopsis thaliana (refs. 14 & 15) , has allowed the analysis of the extent of control that these enzymes exert on chloroplast starch synthesis. Mutant plants with reduced activity of both cytosolic (64%, 36%, 18% of wildtype) and chloroplastic (75%, 50% of wildtype) phosphoglucoisomerase were used to determine the effect of the enzyme level on fluxes towards starch and sucrose synthesis as well as on photosynthetic rate and control coefficents (ref. 9) of these enzymes on these pathways (ref. 11). Saturating or limiting light intensities were used in the various experiments. The plastid P-glucoisomerase exerted very little control over starch or sucrose synthesis in low light but did exert control of starch synthesis in saturating light. Lowering the cytosolic enzyme activity had little effect on either starch or sucrose synthesis in saturating light but increased starch synthetic rate in low light and decreased sucrose synthetic rate. Thus partitioning of carbon between sucrose and starch was affected by variation of the cytosolic phosphoglucoisomerase levels. Further studies (ref. 12) confirmed that reduction of plastid phosphoglucoisomerase had little effect in low light but reduced starch synthesis by 50% in saturating light with no corresponding increase in sucrose synthesis. The reduced levels of cytosolic enzyme (18% of wildtype) lowered the sucrose synthetic rates and increased the rate of starch synthesis. Metabolite levels were also affected in these mutants. In the mutant containing only 18% of the wildtype cytosolic phosphoglucoisomerase activity both fructose-2,6-bisphosphate and 3PGA levels increase about 100%. Neuhaus et. al. (ref. 12) indicate that their results provide strong evidence that reduced sucrose synthesis rate is due to the increased Fru-2,6-P2 level which causes increased inhibition of cytosolic fructose-l,6-bisphosphatase (for reviews on sucrose synthesis see refs. 16 & 17) which is on the pathway towards sucrose synthesis They also indicate that the data strongly support the view that increased starch synthesis in the mutants with reduced levels of phosphoglucoisomerase is due to activation of the ADPGlc pyrophosphorylase by the increased 3PGA concentration and 3PGA/Pi ratio. Thus these experiments provide further support for the in vivo regulation of starch synthesis by 3PGA.
These experiments have been extended to the null chloroplast phosphoglucomutase (ref. 13 ) and the low activity (7% of wildtype) ADPGlc pyrophosphorylase mutants (14) of ArabidoDsis thaliana. Neuhaus and Stitt (ref. 15) utilized the alleles to construct hybrid plants containing respectively, 50% of wildtype phosphoglucomutase activity and 50% of wildtype ADPGlc pyrophosphorylase activity. The effects of these reduced activities on starch and sucrose fluxes and on CO, fixation in low light and high light intensity were measured. In low light, a 50% decrease in phosphoglucomutase activity had no significant effect on the above fluxes. However, a 50% and 93% decrease of ADPGlc pyrophosphorylase activity resulted in a 23% and 74% decrease in flux of starch synthesis with a concomitant increase of 17% and 42% increase in sucrose synthetic rate. Thus diminution of ADPGlc synthesis activity not only significantly affected starch synthesis but also affected the partitioning of photosynthetic carbon causing more to be directed towards sucrose biosynthesis. In high light a 50% decrease in phosphoglucomutase activity resulted in a 20% decrease in starch synthesis with little effect on sucrose synthesis rate. However reduction of the the ADPGlc synthesizing activity to 50% and 93% resulted in a 39% and 90% decrease in starch synthesis flux. The flux of photosynthetic carbon under these conditions was not redirected towards sucrose synthesis but rather the photosynthetic rate was inhibited about 46%. The properties of the plant and bacterial ADPGlc pyrophosphorylases have been extensively reviewed and for detailed infortpation on the plant systems the reader is referred to (refs. 5 through 7 and 18). For the bacterial systems the reader is referred to (refs. 19 & 20) . As indicated earlier in this chapter, and in the above reviews on plant systems, every plant ADPGlc pyrophosphorylase studied has as its major activator, 3-phosphoglycerate (3PGA) and inhibitor, Pi. For every leaf system studied, whether the leaf source is from a plant utilizing C3 or C4 pathways or Crassulacean metabolism, the major activator is still 3PGA and the inhibitor is Pi. In non-photosynthetic systems studied (eg., maize endosperm, potato tuber) the ADPGlc pyrophosphorylase activity is highly dependent on the presence of 3PGA and is inhibited by Pi. However, it appears that the wheat endosperm enzyme is not activated by 3PGA (M. 
Structural properties of ADPlc pyrophosphorylase
The most studied ADPglucose pyrophosphorylase with respect to structural properties is the spinach leaf enzyme (refs. 21 through 24). This enzyme has a molecular mass of 206,000 and is composed of two different subunits, molecular masses of 51 and 54 kd. These subunits can be distinguished not only by differences in their molecular mass but also with respect to different amino acid composition, different amino-terminal sequences, different peptide patterns on HPLC of tryptic digests and distinct antigenic properties. The polyclonal antibody prepared against the 51 kd subunit reacted very strongly, in Western blotting experiments, with the 51 kilodalton subunit but reacted weakly with the 54 kd subunit. Conversely antibodies raised against the 54 kd subunit reacted only weakly with the 51kd subunit and strongly with the 54 kd protein. Thus, on the basis of the protein chemistry and immunological analyses, the two subunits are quite distinct and most probably are the products of two genes. In contrast, the bacterial ADPGlc pyrophosphorylase is composed of only one subunit, 50 to 55 kd in mass depending upon the source and the native enzymes are homotetrameric (ref. 19 ).
Recently, other plant enzymes have been studied in greater detail and they have been shown to be composed of two dissimilar subunits. The maize endosperm ADPGlc pyrophosphorylase, which has a molecular mass of 230,000, could react with the antibody prepared against the native spinach leaf enzyme in Western blot experiments (ref. 25) .
In endosperm extracts, as well as with the highly purified enzyme, two immunoreactive proteins are found of molecular masses of 55 and 60 kd after SDS gel electrophoresis. Antibody prepared against the spinach leaf 54 kd subunit cross-reacts mainly with the endosperm 60 kd subunit and to a small extent with the 55 kd subunit while the spinach leaf 51 kd subunit antibody cross-reacts very well with the endosperm 55 kd subunit and very weakly with the 60 kd subunit. Of interest was the analysis of the maize endosperm mutants, shrunken 2 and brittle 2 . In
Western blotting experiments and using the native and subunit antibodies of the spinach leaf enzyme, it is found that the mutant !& endosperm lacks the 55 kd subunit and the mutant & endosperm lacks the 60 kd subunit. These results (ref. 25) clone is found to hybridize to a transcript present in maize endosperm but absent in & endosperm, Thus, the & mutant appears to be the structural gene of the 55 kd subunit of the ADPGlc pyrophosphorylase. Most important is that the above data certainly point out that the non-photosynthetic tissue ADPGlc pyrophosphorylase is also composed of two subunits and on the basis of immunoreactivity there is corresponding homology between the subunits in the leaf enzyme with the subunits of a reserve tissue enzyme.
The potato tuber ADPGlc pyrophosphorylase has been highly purified and by 2-dimensional polyacrylamide gel electrophoresis, two different proteins could be distinguished by their slight differences in molecular mass, 50 and 51 kd and in net charge (refs. 27 & 28) . The smaller tuber subunit is reactive with the antibody prepared against the smaller spinach leaf (51 kd) subunit.The antiserum prepared against the spinach leaf larger (54 kd) subunit however, is not reactive with either potato tuber enzyme subunit. Thus, as found with the spinach leaf and maize endosperm enzyme, the potato tuber enzyme is composed of two distinct subunits and not one as previously thought (ref. 29 ).
It appears that other plant ADPGlc pyrophosphorylases may also be composed of 2 subunits on the basis of Western blotting experiments. Using anti-sera toward native spinach leaf ADPGlc pyrophosphorylase the presence of two immunoreactive bands in gel electrophoresis of extracts of wheat, rice and maize leaves was observed (ref.
30). Similar data was obtained with Arabidomis thaliana ADPGlc pyrophosphorylase (refs. 4 & 14)
. It is composed of two subunits, molecular masses of 51 and 54 kd. Indeed, one of the Arabidomis thaliana ADPGlc pyrophosphorylase mutants, TL25, is lacking both subunits and it is thought that the mutation is affecting a regulatory locus (ref. 4) while another mutant, TL46, lacks the larger, 54 kd subunit (ref. 14) . This mutation provides further evidence that the larger subunit is a necessary component of the native ADPGlc pyrophosphorylase for optimal activity since the mutant has only 7% of the wildtype activity. The mutant synthesizes starch at 9% the rate seen for the normal strain in high light and only at 26% of the rate at low light (ref. 15 ).
The allosteric 3PGA activator binding site of ADPglucose pyrophosphorylase: determination of the amino acid sequence at the 3PGA allosteric binding site
With the findings that the plant native ADPGlc pyrophosphorylases are tetrameric and composed of two different subunits it was of interest to know why the the two subunits were required for optimal catalytic activity. The bacterial ADPGlc pyrophosphorylase from at least 7 organisms contains only one subunit and the native structure is homotetrameric (refs. 19 & 20) . Since the enzyme must contain ligand binding sites for the activator, 3PGA, and inhibitor, Pi, sites for the two substrates, ATP and glucose-1-P, as well as a catalytic site, it is easy to conceive that these sites could be located on different subunits.
Initial studies were designed to determine the nature and location of the 3PGA binding site. These studies were facilitated by the finding that pyridoxal-5-phosphate was an activator of spinach leaf ADPGlc pyrophosphosphorylase (refs. 21 & 22) . Pyridoxal-P is not as effective as 3PGA with regard to activation of velocity; only a 6-fold stimulation is observed compared to a 25-fold stimulation caused by 3PGA. Three other ADPGlc pyrophosphorylases (maize endosperm, Arabidomis thaliana and from the cyanobacterium, Svnecohcvstis 6803) are also stimulated by pyridoxal-5-P (unpublished results). The apparent affinity, or A,, value (concentration of activator giving 50% of maximal stimulation), for the spinach leaf enzyme for pyridoxal-5-P is about 15 pM and is somewhat lower than the A,,5 of 45 pM for 3PGA. Thus, there is a higher apparent affinity for pyridoxald-P even though there is a lesser stimulation of maximal velocity.
The view that pyridoxal-5-P is binding to the same site as 3PGA is based on the following; pyridoxal-5-P inhibits the activation caused by 3PGA (refs. 21 & 22) Pyridoxal-5-P can also reverse inhibition caused by Pi in the same manner as 3PGA (21). In addition, pyridoxald-P can be covalently bound to the spinach leaf ADPGlc pyrophosphorylase by reduction with NaBH,, (refs. 21,22,24,31) , producing a modified enzyme that is highly active in the absence of activator ( Table 2 ). The activator, 3PGA, as well as the inhibitor, Pi, prevents or inhibits the reductive covalent binding of the pyridoxal-5-P and reduces the increase in activity caused by the reductive phosphopyridoxylation (refs. 21,22, 24,31) . The modified enzyme is also quite insensitive to Pi inhibition(21,22,31). All the above results are consistent with the view that pyridoxal-5-P binds to the activator site and that the covalent modification with pyridoxal-59 places the enzyme in a conformational state where it is resistant to Pi inhibition. Table 2 . Chemical modification of spinach leaf ADPglucose pyrophosphorylase by pyridoxal-P and NaBH,, +3PGA/3PGA is the ratio of activity obtained in the presence and absence of the activator, 3PGA in the assay of ADPGlc pyrophosphorylase actvity. ?HI-Pyridoxal-P was used to measure incorporation of Pyridoxal-P into Enzyme (31 Many metabolites and substrates were tested and only Pi and 3PGA inhibited incorporation of the labelled pyridoxal-5-P into the enzyme (Table 2 ). Labelled pyridoxal-5-P is incorporated about equally into both the 54 and 51 kilodalton subunits (ref. 31 ). As seen in Table 2 , the activator, 3PGA, prevented incorporation of the pyridoxal-5-P to the same extent into both subunits (ref. 31 ). The labelled 51 kd subunit has been subjected to trypsin digestion. The labelled peptide isolated using reverse-phase HPLC was sequenced (refs. 24 & 31). The sequence obtained is shown in Fig. 1 and is compared to the fructose 1,6-bis P activator site sequence of the Escherichia coli ADPGlc pyrophosphorylase (ref. 33) . ADPGlc inhibits the incorporation by at least 67 %. It thus appears that the substrate binding site is on the 54 kd subunit, It is probable, however, that the substratelcatalytic site is shared between the two subunits and that the nitrene radical reacts with a strong nucleophilic residue on the larger subunit causing the incorporation to be mainly on the larger subunit. Fig. 2 is the deduced amino acid sequence. As expected, because of the localization of the ADPGc pyrophosphorylase in either the amyloplast or chloroplast, and it being encoded by nuclear genes, the subunit posseses a putative leader sequence at its N-terminus. The actual N-terminal sequence of the mature subunit is not known at the present time but alignment of the rice seed primary sequence with the sequence of the 51 kd subunit of the spinach leaf ADPGlc pyrophosphorylase suggests that cleavage of the leader sequence occurs between residues 28 and 29, Thr-Ile (ref. 34 ). This putative leader sequence however, shares very little sequence conservation particularly with the 3 blocks of homology suggested (ref. 36 ) necessary for chloroplast transport and processing. Nevertheless, the subunit does contain peptide domains similar in properties to those observed in other chloroplast transit peptides. The N-terminus has a 6-residue hydrophobic domain and a highly basic region at amino acid residues, 23-26 and a hydrophillic domain at amino acid residues, [17] [18] [19] [20] [21] [22] cDNA clones have been isolated from wheat leaf and wheat endosperm (ref. 38) . As will be shown later, the deduced amino acid sequence derived from the wheat endosperm cDNA would suggest that it is more homologous with the deduced amino acid sequence of the maize endosperm cDNA of the larger (Shrunken-2) subunit than the rice seed cDNA of the smaller pyrophosphorylase subunit gene. While no other large molecular weight subunit cDNA clone has been reported, the major portion of the spinach leaf large molecular weight, 54 kilodalton, subunit has been sequenced by Edmann degradation technique ( K . Ball bp encoding 500 amino acids. The clones were considered incomplete but it was estimated that the AGA.7 insert was nearly complete, possibly lacking some of the transit peptide portion. These wheat endosperm clones are 96.3 % identical in shared regions of their open reading frames and differ in only 10 of the 296 amino acid residues giving an identity of 96.7%. In contrast, there is only a 55.3% identity between the wheat leaf, AGA. 1 DNA insert deduced amino acid sequence and AGA.7. AGA.1 is 947 bp in size and encodes for 301 amino acids. Comparisons of the various clones were made with the deduced amino acid sequence derived from the rice endosperm cDNA clone which was a full length clone of 1647 bp and coded for 483 amino acids (34) . The derived amino acid sequences are seen in Fig. 2 . AGA.l, AGA.3 and AGA.7 showed only about 31%, 42% and 39% identity with respect to amino acids, respectively, with the rice seed amino acid sequence. If homologous amino acids were considered, the homology between the sequences to the rice sequence is about 42, 61 and 54%, respectively. Greater identity was seen with the potato, spinach and Arabidousis leaf cDNA clones with respect to amino acid sequences. The cDNA clone of potato tuber is almost a full length clone which codes for 444 amino acids (ref. 27) while the spinach leaf clones are incomplete with two of them encoding for a total of 457 amino acids (ref. 33) . The Arabidousis genomic clone is incomplete and its sequence encodes 138 amino acids (A. Lonneborg, private communication). Of interest is that for the potato tuber, spinach leaf 51 kilodalton and Arabidopsis leaf deduced amino acid sequences there are about 75%, 69% and 86% identity, respectively, with the rice seed amino acid sequence. If homologous amino acids are considered, the homology is then, respectively, 76%, 72% and 90%. All of these 3 last mentioned clones have been shown to be representative genes of the smaller subunit of the ADPGlc pyrophosphorylase. In contrast as seen in Fig. 3 , less identity and homology is seen with the derived amino acid sequences of the cDNA clone of the maize Shrunken -2 (higher molecular mass) subunit of the ADPglc pyrophosphorylase with the rice seed and spinach leaf cDNA clones derived amino acid sequences. The Shrunken-2 sequence (C. Hannah, unpublished results) codes for 329 amino acids. Included in the comparison were the sequences of the 54 kilodalton, high molecular mass subunit of the of the spinach leaf enzyme obtained by automated Edmann degradation procedures 6. Ball, J.Leykam, T.
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Jones and J. Preiss, unpublished results) and then aligning the peptide sequences to the derived sequences of the rice seed and spinach leaf lower molecular mass subunit. There is only a 36% and 37% identity seen in the sequences of Shrunken-2 with those of rice seed and spinach leaf, respectively. If homologous amino acids are considered, then the homology is 50% and 54%, respectively. Similarly, about 42% identity is observed for the spinach leaf peptides (total of 227 amino acids) of the 54 kilodalton subunit compared to the amino acid sequences of rice seed and spinach leaf. If homologous amino acids are considered then the homology is about 50 to 54% (Fig. 3) . Comparison of the a -2 sequence with the spinach leaf 54 kilodalton subunit shows a higher identity. About 157 amino acids can be compared and 52% identity is seen and homology is 65% when homologous amino acids are considered. Also of interest is the comparison of the amino acid sequences seen for the wheat endosperm cDNA clone, AGA.7 and the Shrunken-2 cDNA clone. There is a 63 % identity in sequence and homology is 71 % when homologous amino acids are considered. The lower molecular weight antibody does not react well with the higher molecular mass subunit of the ADPGlc pyrophosphorylase of these various plants. Therefore it was not expected to see much homology between the lower and higher molecular weight subunits. However, there appears to be some identity of about 40% between the 54 and 51 kd subunits of the spinach leaf ADPGlc pyrophosphorylase. The sequence analyses point out a greater relationship in identity between the spinach leaf 54 kd subunit and the maize a -2 subunit and most certainly between the wheat endosperm subunit encoded by the cDNA insert, AGA.7 (Fig 2,3) . Most probably, the isolated cDNA clones of wheat endosperm are representative of the large molecular weight subunit of the wheat endosperm ADPGlc pyrophosphorylase. Because of the low but certain homology between the two subunits of the ADPGlc pyrophosphorylase it can be speculated that they may have arisen originally from the same gene. The bacterial ADPGlc pyrophosphorylase has been purified to homogeneity from 7 different and diverse species and in each case has been shown to be homotetramers composed of only one subunit (refs. 19 & 20) . Recent results with cyanobacterial ADPGlc pyrophosphorylase, which has 3PGA as an allosteric activator and Pi as an inhibitor, similar to the higher plant enzyme (ref. 39) , suggests that it is homotetrameric in structure unlike the higher plant enzymes (AJglesias, G. Kakefuda and J. Preiss, unpublished results). Thus it is quite possible that during evolution, there was gene duplication in the higher plant photosynthetic systems of the pyrophosphorylase gene and then divergence of the genes to produce two different peptides for the native ADPGlc pyrophosphorylase. Yet, both subunits are required for optimal activity of the native plant enzyme. The reason for this gene duplication is presently unknown but conservation of amino acid sequences may point out the particular importance for those sequences.
Comparison of the plant and bacterial ADPglucose pyrophosphorylase amino acid sequences Fig. 4 compares the derived amino acid sequences from the rice seed and pyrophosphorylase cDNA clones corresponding to the small molecular mass, 51 kilodaton subunit with the deduced amino acid sequence of t h e a coli @g C gene, the structural gene for ADPGlc pyrophosphorylase. There is an overall identity of about 29% at the amino acid level between the the plant and bacterial subunits suggesting a common origin for these two genes. Divergence appears to have occurred in a non-random manner for when the peptides are matched in residues 48 to 227 of rice seed to 19 to 196 of E. coli and rice seed residues 297 to 394 to amino acid residues 264 to 368, the degree of identity is higher, about 43%. Regions of largest divergence are at the N-terminal, amino acid residues Regulatory mechanisms involved in starch biosynthesis sequences are those residues indicated in the text to be essential for allosteric and/or catalytic function for the bacterial enzyme 6 3 9 , Y114, K195, K296 and G336). The allosteric site for the 51 kd subunit of the spinach leaf enzyme, SGIVTVIKDAL, is overlined.
29 to 47 of rice seed, a central portion between rice seed residues 228 through 296 and at the C-terminal beginning with Met3g5. Where significant identity occurs in region 48 to 227 for the rice seed is of high interest in that for the E. coli enzyme, equivalent area specific amino acids have been identified to be essential for substrate binding as well as for allosteric regulation (32) . Lys 39 and Lys 195 of the E. coli primary sequence have been shown to be involved in the binding of the activator, fructose 1,6 bis-P, and the substrate, ADPglucose. Recent results (M.A. Hill and J. Preiss, unpublished) using sitedirected mutagenesis at residue 195 and substituting the amino acids Gln, Glu or Leu indicate that the most affected'kinetic parameter is the affinity for the substrate, glucose-1-P. Thus Lys 195 is involved in the binding of the P-phosphate of ADPGlc or of glucose 1-P. Six of the eight amino acids in that region are identical when and the rice seed sequences are compared. Indeed, Fig. 2 shows there is almost complete identity in the rice sequence, D2l4EEGRIVEFAEKPm with the equivalent sequences seen in the small subunits of the spinach leaf, potato tuber and Arabidomis enzymes. For the 3 last mentioned enzymes the sequence is DEEGRIIEFAEKP. Similar conservation is seen for the wheat ADPGlc pyrophosphorylase subunits where the sequences, DSSGRVVQFSEQP, DSSGRVVQFSEKP or DDTGRVISFSEKP are present. The conservation of these sequences in the plant and bacterial enzymes suggests that it is important for binding of the substrate. There is also great identity at the activator site of the bacterial enzyme, Lys 39, where 9 of the 10 amino acids are the same in the equivalent rice seed sequence, residues 65 to 74. The potato tuber and spinach leaf subunits have the same identical sequences as the rice seed subunit. Fructose 1,6 bis-P is an activator of the various higher plant ADPGlc pyrophosphorylases (refs. 29,40,41) . However, it is not as potent as an activator as 3PGA. The tyrosine residue 114 in E. coli has been shown to be involved in binding of the substrates and activator as changing it to Phe via sitedirected mutagenesis caused a lowering of the apparent affinities for substrates and activator (ref. 42) . Although there is a change to Phe for the rice seed, spinach leaf and potato tuber subunits in their equivalent sequences, 9 of the 12 amino acids in these sequences are identical with the sequence (Fig. 2) . The conservation of amino acids in this region as well in the region equivalent to rice seed residues 65-74 in the plant enzymes suggest that these amino acids play a major role in maintenance of protein conformation and of the regulatory and catalytic functions of the plant enzyme having 3PGA as the major activator and Pi as the inhibitor. Whereas the activator for the enzyme is at the N-terminal, the activator site for spinach leaf enzyme is at the C-terminal (refs. 24 & 31) . The reactive residue is Lys 430 in the 51 kd subunit of the spinach leaf enzyme and the equivalent lysine in the rice seed enzyme is residue 469 (Fig. 2) . The sequence around the reactive lysine is observed in the derived amino acid sequences from the cDNA and genomic clones of either the high or low molecular mass subunits. Thus the extended portion of the plant peptide is not observed for the bacterial enzyme. The change in activator specificity could also be due to other amino acid replacements in other regions of the plant enzyme. Kumar et al. (42) have shown that mutations of the bacterial gene where Lysm and Gly3= are substituted by Glu and Asp, respectively, yield an enzyme whose activity is less dependent on the presence of the activator, fructose 1,6 bis-P. It is of interest that in the amino acid sequences derived for the rice seed, spinach and ArabidoDsiS leaf and potato tuber small subunits, which directly align with Lysm and GI$= are the acidic amino acids, aspartate and glutamate, respectively (Fig. 4) . Thus mutations to acidic amino acids at the rice seed subunit residues 329 and 363 as well as the extension of the C-terminal peptide bearing the activator binding site may result in the lessening of the activation by fructose 1,6 bis-P and creation of
